Abstract: In excitable tissues, the endogenous dipeptide carnosine (CAR, β-Ala-L-His) sustains homeostatic responses to various challenges. By eliciting hypoglycemic effects via actions on the autonomic nervous system and protection of pancreatic beta-cells, CAR is also relevant in diabetes. We investigated the expression of genes involved in CAR biosynthesis, degradation, and membrane transport pathways, in the pancreas and brains of mice treated with streptozotocin (STZ) and then exposed to dietary CAR. We induced hyperglycemia by STZ intraperitoneal injections; then, STZ-treated mice received drinking water with or without CAR for two weeks. We report that CAR administration elicits beneficial effects on blood glucose levels and weight loss in STZ-treated mice and, remarkably, on the insulin gene products in the pancreas, preserving gene expression from STZ challenge. Also, we describe mRNA downregulation of the Slc15a2/Pept2 (dipeptide transporter) and Cndp2 (intracellular dipeptidase) genes in the pancreas of hyperglycemic mice, and dysregulation of Carns1 (CAR synthase), Pept2 and Cndp2 in brains; interestingly, dietary CAR elicits counteracting effects. These expression patterns associate with variations of CAR content in tissues of mice. Overall, our report suggests a direct role of CAR in the diabetes-affected pancreas and in the diabetes-targeted CNS, proposing (dys)regulation of CAR's homeostasis as a marker condition.
Introduction
Carnosine (CAR, β-alanine-L-histidine) and other CAR-derived histidine-containing dipeptides (HCDs) are endogenous dipeptides known for sustaining multifunctional homeostatic responses to various challenges in vertebrates' excitable tissues, i.e., muscle and CNS, in which CAR and its derivatives are abundant. CAR is acknowledged to act as a pH buffer, divalent ion chelator, ROS-counteracting antioxidant, and inhibitor of advanced glycation end-products [1] [2] [3] . In virtue of its effects, CAR and other HCDs have been investigated in the context of diabetes complications affecting many organs (e.g., CNS, eye, kidney, liver). Hypoglycemic effects of CAR have been suggested, possibly due to interactions with the autonomic nervous system [4, 5] and, also, to the ability in preserving pancreatic beta-cells [3, 6, 7] . In several mouse models of hyperglycemia, CAR treatments elicit protective effects on blood glucose levels and plasmatic insulin levels; also, hepatic damage, plasmatic fibronectin levels, and dyslipidemia have been found to be reduced [6, 8, 9] . The diabetes-counteracting effects of CAR have also been investigated to a certain extent in human trials. Oral supplementation with CAR resulted in a significant amelioration of oxidative stress, glycemia control, and renal function in pediatric diabetic patients [10] , and CAR is also acknowledged of attenuating fasting glucose, triglycerides, AGEs, and tumor necrosis factor-alpha levels in patients with type 2 diabetes [11] . Nevertheless, CAR's potential as a dietary supplement in human is still uncertain [12] , due to the presence of CAR-degrading activity by dipeptidases (carnosinases), intracellular or circulating in the blood [13, 14] . Several studies indicate that CAR prevents diabetes-associated nephropathic complications by counteracting glomerular apoptosis and podocyte loss, and, interestingly, suggest the involvement of the CAR/carnosinase dual system in the diabetes-related onsets. In diabetic mice, the increase of renal CAR-degrading enzymatic activity is described as mediated by reactive metabolites. Remarkably, the CNDP1 and CNDP2 human genes, coding for the two major CAR-degrading dipeptidases (serum and intracellular carnosinase, respectively), are positioned in susceptible loci for type I and II diabetes within human chromosomes [3, [15] [16] [17] [18] [19] [20] [21] . To date, the biological role of CAR in diabetes has not been sufficiently elucidated. Despite analytical data on CAR levels and carnosinase activity in blood, plasma, or serum being available, the characterization of the expression of genes involved in CAR homeostasis is still missing in the pancreas and is not exhaustive in various diabetes-targeted organs.
Here, in mice with overt hyperglycemia induced by streptozotocin (STZ) and exposed to dietary CAR supplementation, we analyzed the expression of a core gene network regulating CAR homeostasis (i.e., the genes coding for the Carns1 CAR synthase, Cndp1 and Cndp2 extra-and intracellular CAR dipeptidases, and the Slc15a2/Pept2 H + /oligopeptide transporter) and the presence of CAR content in the pancreas. In parallel, we analyzed the ability of CAR in exerting beneficial effects on blood glucose levels and weight loss in STZ-treated mice, and in counteracting the STZ-induced impairment of insulin gene expression in the pancreatic tissue. We also performed our analyses in a diabetes target district of the CNS, where CAR is investigated in relation to oxidative stress, ageing and neurodegeneration [3, 12, 14, [22] [23] [24] , identifying the impact of STZ treatments on CAR homeostasis in brains of mice and the counteraction exerted by dietary CAR.
Results

Model Validation: Body Weight and Glucose Levels in STZ-Treated Hyperglycemic Mice that Underwent CAR Oral Administration for Two Weeks
To assess the systemic effects of STZ treatments, blood glucose concentration and body weight were monitored for two weeks starting from overt hyperglycemia (T0) in hyperglycemic mice (STZ) and in STZ-treated mice undergoing CAR oral administration ((STZ)CAR). As shown in Figure 1A , STZ mice exhibited a 9% weight loss consequent to treatment, while (STZ)CAR mice exhibited halved body weight reduction, i.e., 4%. In parallel, glucose levels ( Figure 1B ) increased up to 125% in STZ mice but were raised no more than 107% in (STZ)CAR mice, as detected two weeks after overt hyperglycemia (T0 = 100%). 
Model Validation: Expression of the Insulin Gene Products in the Pancreas of STZ-Treated Hyperglycemic Mice that Underwent CAR Oral Administration for Two Weeks
In STZ and (STZ)CAR mice the expression of the Ins1 mRNA was studied by qPCR, compared to the untreated controls. In the STZ hyperglycemic mice group, a significant downregulation (negative fold change of −0.95 ± 0.03) was detected compared to the control (ctrl; fold change 1 ± 0.43), whereas in the (STZ)CAR mice no significantly different mRNA levels were detected (negative fold change −0.05 ± 0.35; Figure 2A) . Accordingly, the expression of the insulin protein product in the pancreatic tissue of the STZ experimental group was strongly down-regulated (−68 ± 0.15 negative fold change) vs. the control ( Figure 2B ), whilst in the (STZ)CAR group the downregulation occurred to a lesser extent (−0.27 ± 0.12 negative fold change). In STZ and (STZ)CAR mice the expression of the Ins1 mRNA was studied by qPCR, compared to the untreated controls. In the STZ hyperglycemic mice group, a significant downregulation (negative fold change of −0.95 ± 0.03) was detected compared to the control (ctrl; fold change 1 ± 0.43), whereas in the (STZ)CAR mice no significantly different mRNA levels were detected (negative fold change −0.05 ± 0.35; Figure 2A) . Accordingly, the expression of the insulin protein product in the pancreatic tissue of the STZ experimental group was strongly down-regulated (−68 ± 0.15 negative fold change) vs. the control ( Figure 2B ), whilst in the (STZ)CAR group the downregulation occurred to a lesser extent (−0.27 ± 0.12 negative fold change). 
In STZ and (STZ)CAR mice the expression of the Ins1 mRNA was studied by qPCR, compared to the untreated controls. In the STZ hyperglycemic mice group, a significant downregulation (negative fold change of −0.95 ± 0.03) was detected compared to the control (ctrl; fold change 1 ± 0.43), whereas in the (STZ)CAR mice no significantly different mRNA levels were detected (negative fold change −0.05 ± 0.35; Figure 2A ). Accordingly, the expression of the insulin protein product in the pancreatic tissue of the STZ experimental group was strongly down-regulated (−68 ± 0.15 negative fold change) vs. the control ( Figure 2B ), whilst in the (STZ)CAR group the downregulation occurred to a lesser extent (−0.27 ± 0.12 negative fold change). 
Expression Variations of mRNAs Related to CAR Homeostasis in the Pancreas and Brain of STZ-Treated Mice that Underwent (Dietary) CAR Oral Administration for Two Weeks
The expression of genes related to CAR biosynthesis (i.e., Carns1 coding for CAR synthase), degradation (i.e., Cndp1 and 2, CAR extra-and intracellular dipeptidases, respectively) and transmembrane transport (i.e., Slc15a2/Pept2, di-tripeptide carrier) was investigated in pancreatic tissue lysates of control (ctrl), hyperglycemic (STZ) and CAR-treated hyperglycemic mice [(STZ)CAR] by qPCR assays, the results of which are summarized in Figure 3A . Expression of the Carns1 (CAR synthesis) and Cndp1 (CAR extracellular degradation) mRNAs was not detected in all the experimental conditions. On the other hand, the mRNAs of both the Slc15a2/pept2 and Cndp2 genes were detected in control mice, and both were shown to be significantly downregulated in the pancreas of STZ mice (−0.89 ± 0.04 and −0.68 ± 0.10 negative fold change, respectively) with respect to the control (fold change 1). Both the Slc15a2/Pept2 and Cndp2 mRNA levels in the pancreas of (STZ)CAR mice were found to be not significantly different from the untreated controls. In parallel, the same mRNA expression analysis was performed in mouse brains. As reported in Figure 3B , the Carns1 mRNA levels were downregulated in both STZ and (STZ)CAR mice (−0.38 ± 0.16 and −0.78 ± 0.09 negative fold change, respectively) compared to the control. Conversely, the Cndp1 mRNA levels were not significantly affected in the different conditions. As in the pancreas, the Slc15a2/Pept2 mRNA was shown to be significantly downregulated in STZ vs. control brains (−0.86 ± 0.13 negative fold change vs. 1), while it was not significantly different in the brains of (STZ)CAR mice. Finally, the Cndp2 mRNA was slightly increased (+2.3 ± 0.70 fold change) in the brains of STZ mice, and showed no changes in the brains of (STZ)CAR mice, compared to the controls. 
Detection of CAR Content in Pancreas and Brain Extracts
Following gene expression analysis, the presence of CAR content was investigated in pancreatic parenchyma of mice by HPLC detection in extracts from the tissue lysates. As represented in Figure  4A , specific peaks were identified in the control pancreas (around 3.8 min elution time), which were consequently related to the presence of the CAR analyte by spiking the same samples mixed to a CAR standard solution. Moreover, the inferred quantification of the mean peak areas obtained from control, STZ, and (STZ)CAR pancreatic extracts revealed no statistically different content of CAR in the different samples; nevertheless, a slight increase in STZ-affected pancreas and a lower increase in 
Following gene expression analysis, the presence of CAR content was investigated in pancreatic parenchyma of mice by HPLC detection in extracts from the tissue lysates. As represented in Figure 4A , specific peaks were identified in the control pancreas (around 3.8 min elution time), which were consequently related to the presence of the CAR analyte by spiking the same samples mixed to a CAR standard solution. Moreover, the inferred quantification of the mean peak areas obtained from control, STZ, and (STZ)CAR pancreatic extracts revealed no statistically different content of CAR in the different samples; nevertheless, a slight increase in STZ-affected pancreas and a lower increase in (STZ)CAR were observed vs. controls (i.e., 132% and 121% vs. 100%). The same HPLC-based analysis was conducted on brain lysates. With respect to CAR content in untreated control brains (100%), the data indicated a decrease of up to 32% in STZ mice, and 65% in (STZ)CAR. 
Discussion
In the research on CAR's physiological roles and functions, a noticeable amount of data and studies indicates actual and/or potentially protective action exerted by CAR to prevent/ameliorate many tissue-specific diabetic complications. In rodent models, as in humans, levels of CAR have been studied in some tissues and organs in the absence or presence of diabetes onset. Moreover, levels of CAR-degrading enzymes, i.e., carnosinases, have been investigated in blood components and body fluids, and genetic links have been outlined between genes responsible for CAR 
In the research on CAR's physiological roles and functions, a noticeable amount of data and studies indicates actual and/or potentially protective action exerted by CAR to prevent/ameliorate many tissue-specific diabetic complications. In rodent models, as in humans, levels of CAR have been studied in some tissues and organs in the absence or presence of diabetes onset. Moreover, levels of CAR-degrading enzymes, i.e., carnosinases, have been investigated in blood components and body fluids, and genetic links have been outlined between genes responsible for CAR degradation and diabetes [3] . Nevertheless, to date information about the expression of products of those genes involved in CAR homeostasis is still deficient in the pancreas as well as in other diabetes-targeted organs, and the identification of CAR-related gene expression alterations arising from diabetic disease states is undefined as of yet. In this framework, we aimed to shed a preliminary light to identify and characterize the networking expression of the basic genes involved in CAR in the pancreas. We adopted the diabetes model of STZ treatment in mice, comparing it with untreated mice and with STZ mice undergoing CAR dietary supplementation by mere administration in drinking water. We performed a necessary validation of our hyperglycemic model and CAR administration by monitoring (for two weeks) two systemic parameters i.e., the increase of blood glucose levels and weight loss. In both cases, STZ effects were significant and CAR administration remarkably counteracted the detrimental effects; in fact, the increase in blood glucose and weight loss were not significant when STZ-treated mice underwent CAR dietary supplementation. This evidence was further validated when we analyzed the expression of the insulin gene products in the whole pancreas of mice. We found a strong decrease of both insulin-related mRNA and protein product in the pancreatic tissue of STZ mice, which did not occur in CAR-treated STZ mice. Overall, these data agree with the literature reporting (a) the protection of the insulin-producing β cells, and (b) the hypoglycemic induction elicited by CAR [3, 7] . Notably, ours are the first preliminary data on the positive modulation by CAR of the insulin gene products intrinsic in the pancreas parenchyma of mice, whereas previous works mainly report the effects of CAR on plasma insulin or insulin secretion from β-cells in culture [3, 7] . Thus, in the same whole-pancreas samples we analyzed the expression of four basic CAR-related genes, by real time PCR. We identified the absence of the CAR synthesis and of the extracellular CAR dipeptidase mRNAs (Carns1 and Cndp1). Contrarily, the presence of the intracellular CAR dipeptidase (Cndp2) and the oligopeptide transmembrane transporter (Slc15a2/Pept2) mRNAs was detected. Remarkably, we could associate with the STZ impairment a significant downregulation of these gene expressions in the pancreas and, chiefly, a counteractive effect by CAR administration. Intriguingly, the expression of the two (CAR homeostasis-related) Cndp2 and Pept2 mRNAs was found in association with our first identification by HPLC of CAR occurrence in the whole pancreatic lysates; it can also be noticed that downregulation of Cndp2 (intracellular CAR degradation) mRNA induced by STZ may be related to the slight increase of CAR content, as detected by HPLC (although this is not statistically significant and thus deserves deeper investigation). Since CAR metabolism is intertwined with the homeostasis of nervous cells providing neuroprotective effects in pathophysiological situations including diabetes [3, 7, 8, 12] , we adopted the same experimental approach in a diabetes-targeted district such as CNS. In the brains of STZ-treated mice, we detected the mRNA downregulation of the CAR synthesis and transport genes (Carns1 and Slc15a2/Pept2) together with an upregulatory trend of the intracellular CAR dipeptidase (Cndp2). Taken together, these mRNA variations suggest the occurrence of a dysregulation that implies the lowering of CAR levels in STZ-treated brains; intriguingly, we confirmed this via HPLC data, showing a reduced CAR content in STZ-treated brains. Remarkably, the administration of exogenous CAR to the STZ mice has counteracting (preserving) effects, i.e., it seems to partially dampen the STZ-induced effects. In fact, the CAR content in (STZ)CAR brains is enriched compared to STZ brains (even though it is still partially reduced with respect to untreated controls), as detected by HPLC. In parallel, exogenous CAR also counteracts the STZ-induced dysregulation of the Pept2 and Cndp2 mRNA expression (while it is not a stimulus to preserve the expression levels of the CAR synthesis gene Carns1, predictably); summing up the data in the (STZ)CAR brains, it can be hypothesized that CAR levels are supported (almost partially) by exogenous CAR, thus the expression of genes tends to follow the 'physiological' scheme of the untreated controls. Overall, our report contains novel hints on (a) CAR's homeostasis (i.e., identification of CAR presence and of the CAR-related gene expression) and its impact in the mouse pancreatic parenchyma in the absence or presence of diabetic onsets, and (b) the modularity of CAR content, CAR availability, and CAR-related genes as a unified marker network along the axis between the pancreas and brain as diabetes-targeted organs.
Materials and Methods
Animal Handling, Ethical Approval and Treatments
Inbred male C57BL/6JB6 mice (Harlan, San Pietro al Natisone, UD, Italy) (12 weeks old) were used, under standard housing conditions. All the procedures with mice were conducted upon review and ethical approval by the Animal Care and Use Committee of the Department of Biological and Environmental Sciences and Technologies of the University of Salento, according to the EU guidelines for the ethical treatment of animals (Directive 2010/63/EU). The experimental protocols, procedures, and the number of individual mice required for the experiments were previously accepted and authorized according to the Decree n. 26/04-03-2014 of the Italian Ministry of Health, after review by the competent organs of the Veterinary Health Department. All procedures (housing, treatments, and sacrifice) were regularly checked and revised by the veterinary personnel. Three groups of five mice were treated under the following experimental conditions: (1) [26] . The blood glucose levels and body weight of mice were monitored every three days. Blood glucose concentrations were measured with a Contour XT glucometer (Bayer, Milano, Italy), sampling the blood by a painless skin puncture at the end of the tail. Consequent to STZ intraperitoneal injections in a total of 12 individuals, overt diabetic hyperglycemia was considered for 10 mice showing blood glucose levels ≥250 mg/dL for at least seven days, whereas two mice out of 12 showed STZ resistance and thus were excluded from the experimental protocol. After overt hyperglycemia, a group of five mice received oral CAR in drinking water ad libitum for two weeks. Sterilized CAR solutions were renewed every third day and the consumption was verified. At the end of the treatments, mice were euthanized by isoflurane inhalation overdose followed by cervical dislocation. Before extraction of the pancreas and brains, mice were terminally anesthetized with isoflurane and transcardial perfusion was performed with physiological saline solution (NaCl 0.9% w/v).
RNA/Protein Isolation from Tissues
After isolation and storage in RNALater (Ambion Europe, Hungtingdon, UK), pancreas and brains tissues from mice were processed for RNA and protein extraction using the AllPrep DNA/RNA/Protein mini kit (Qiagen, Milano, Italy) protocol and reagents, according to the manufacturer's instructions. Total brain tissue lysis was performed with the AllPrep lysis buffer by using a KINEMATICA Polytron homogenizer (Thermo Fisher Scientific, Rodano, MI, Italy). RNA concentrations were calculated by spectrophotometry, and the λ260/λ280 ratios were evaluated. All the RNA extractions were qualitatively and quantitatively tested by loading RNA samples onto agarose gels. Protein extract concentrations were calculated by the Bicinchoninic Acid Kit for Protein Determination (BCA1 kit; Sigma-Aldrich), according to the manufacturer's protocol.
Primer Design and Real-Time PCR Assays
For each gene, the mouse mRNA reference sequences were collected from the on-line GenBank ® database (at http://www.ncbi.nlm.nih.gov/) and aligned by the Clustal Omega web-based tool (http://www.ebi.ac.uk/Tools/msa/clustalo/). Exon-intron gene structure, sequence conservation, identity regions and species-specific nucleotide tracts were studied to select primer pairs for the expression analysis by qPCR assays avoiding possible genomic amplicons. Oligonucleotides were purchased from Invitrogen (Life Technologies, Monza, MB, Italy). Amplification products were sequenced and identified by alignment with the respective reference sequences. Details of the gene-specific primers used for qPCR assays are reported in Table 1 . For each extracted RNA, reverse transcriptions were performed on 0.25-1 µg RNA using the Bio-Rad iScript Select cDNA Synthesis kit (Bio-Rad, Segrate, MI, Italy) according to the manufacturer's instructions and in the presence of random primers. Before qPCR analysis, each gene-specific primer pair was tested for efficiency according to the amplification efficiency parameters for genes of interest and internal controls proposed by Schmittgen and Livak [25] . qPCR was performed using the iQ SYBR Green Supermix protocol (Bio-Rad) with a Rotor-Gene 3000 (Corbett Research, St. Neots, UK) real-time machine. To assess quantitative gene expression, 28S was used as an internal control to normalize mRNA amplifications. Gene expression relative quantification was assessed by analyzing the output threshold values (C t ) according to the comparative C t method [25] ; qPCR data were shown as 2 −∆Ct values, proportional to the amount of the detected target mRNA. ∆C t values (∆C t = target gene C t − standard gene C t ) were obtained from three different rounds of qPCR for both the target mRNA and the 28S internal control, of three biological replicates. Statistical analysis was performed after the 2 −∆Ct transformation [25] . Table 1 . For each gene, the NCBI accession numbers of the mRNA reference sequences (RefSeq mRNA; rDNA for the 28S) used for primer design are reported. For each (forward and reverse) primer, the 5'-3' nucleotide sequence and the melting temperature are reported (Tm). For each mRNA detection, the expected amplicon length is indicated (PCR size) in base pairs (bp). 
GENE (Mus
Western Blotting
Following electrophoresis on polyacrylamide gels, proteins were electro-transferred to nitrocellulose membrane (Trans-Blot Turbo Mini Nitrocellulose Transfer packs; Bio-Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad). After protein transfer, the membranes were blocked for 1 h in 5% (w/v) milk in PBS at room temperature, and then immunoblotted in 5% milk and 0.1% Tween-20 in PBS with anti-insulin antibody produced in rabbit (SantaCruz, Dallas, TX, USA). Then, blots were incubated with HRP-conjugated goat anti-rabbit secondary antibody (Sigma-Aldrich), and immune reactive bands were detected using an enhanced chemiluminescence method (ECL kit; BioRad). Densitometry was analyzed by using the NIH Image (v1.63) software (National Institutes of Health, Bethesda, MD, USA). The pixel intensity for each region was calculated, the background was subtracted, and the protein expression results were normalized with respect to the bands of an anti-α-tubulin antibody (Abcam, Cambridge, UK) as loading control for each lane.
CAR Content Measurement by High-Performance Liquid Chromatography (HPLC)
For the CAR content analysis by HPLC assays, pancreas and brain lysates were treated according to an optimized procedure based on previously described protocols for CAR extraction from tissue matrices [27] . In brief, frozen lysates were rapidly thawed and further homogenized by 10 passages through syringe needles. The homogenate was centrifuged at 20,000× g for 30 min at 4 • C and the supernatant was filtered through Whatman no. 4 filter paper. The supernatant was subjected to heat treatment at 80 • C for 15 min, subsequently cooled in an ice bath and then centrifuged at 6000× g for 20 min at 25 • C to remove precipitated proteins. For final deproteinization, the supernatant was mixed with 1 volume of 0.4 M perchloric acid by vortex and the mixed samples were boiled for 10 min before centrifuging at 5000× g for 5 min at 4 • C. The resulting supernatant was finally filtered (0.45 µm) before being processed in the HPLC run. Deproteinized samples obtained from tissues and CAR standard solutions were suitably diluted in ultrapure water (nanopure grade). The HPLC system utilized was a Hewlett-Packard module 1100 series equipped for fluorescence detection and automated sample injection. HPLC conditions were the following: (a) column Agilent Hypersyl ODS 4.6 × 250 mm (5 µm particle size); (b) flow rate 1 mL/min; (c) isocratic elution at 25 • C (mobile phase: 0.1% TFA-CH 3 CN, 98:2 v/v); (d) detection UV absorbance at 214 nm.
Statistical Analysis
Unless otherwise specified, differences between datasets were analyzed by one-way ANOVA and Bonferroni's post hoc test. Differences were considered significant at p < 0.05. Data are reported as means ± standard error of the mean (S.E.M.). 
